Abstract: Mid-infrared hyperspectral imaging has in the past decade emerged as a promising tool for medical diagnostics. In this work, nonlinear frequency upconversion based hyperspectral imaging in the 6 to 8 µm spectral range is presented for the first time, using both broadband globar and narrowband quantum cascade laser illumination. AgGaS 2 is used as the nonlinear medium for sum frequency generation using a 1064 nm mixing laser. Angular scanning of the nonlinear crystal provides broad spectral coverage at every spatial position in the image. This study demonstrates the retrieval of series of monochromatic images acquired by a silicon based CCD camera, using both broadband and narrowband illumination and a comparison is made between the two illumination sources for hyperspectral imaging. 921-931 (2010). 6. J. Nallala, G. R. Lloyd, M. Hermes, and N. Shepherd, "Enhanced spectral histology in the colon using highmagnification benchtop FTIR imaging," Vib.
Introduction
Hyperspectral imaging in the mid-infrared (MIR) range is a promising tool for a wide range of applications in medical diagnostics [1] , such as histopathological study of tissue samples employed for cancer diagnostics [2] [3] [4] [5] . The traditional approach for MIR hyperspectral imaging is Fourier Transform Infrared Spectroscopy (FTIR) using Focal Plane Array (FPA) detectors [6, 7] . However, direct detection in the MIR is limited in terms of sensitivity, cost and complexity [8] .
Nonlinear frequency upconversion based MIR detection is emerging as a promising technology for many MIR applications. Upconversion detection has already been employed for both spectroscopy and imaging, used in both pulsed and continuous wave applications. Most work has been based on lithium niobate (LN) as the nonlinear medium, using either bulk [9] [10] [11] or periodically poled [12] [13] [14] [15] [16] [17] crystals, however, applications of LN is limited by the transparency range of the material. Above 5 µm upconversion spectroscopy [18] and polychromatic imaging [19, 20] has been demonstrated based on Ag3AsS3 or AgGaS 2 .
This work demonstrates, to the best of our knowledge, the first application of upconversion technology for hyperspectral imaging in the 6 to 8 µm range. The setup consists of an upconversion unit based on AgGaS 2 (AGS) as the nonlinear material and a 1064 nm mixing laser. A globar i.e. a broadband source and a quantum cascade laser (QCL) i.e. a narrowband source is used for illumination and a comparison is made between the two approaches based on parameters such as spectral resolution and image acquisition speed. A novel technique for hyperspectral imaging exploiting birefringent non-collinear phase matching in the nonlinear crystal is implemented together with post-processing of the acquired images. Scanning of the phase match condition is implemented by rotation of the nonlinear crystal relative to its ĉ-axis, which enables imaging of every pixel within the field of view with full spectral information encoded. This approach is only viable for imaging when performing the frequency conversion in the Fourier plane of the system (a translation in the Fourier plane coursed by crystal rotation only results in an angle in the image plane, i.e. the camera position). Scanning of the phase match condition for hyperspectral imaging has previously been demonstrated in the 3 µm spectral range by temperature tuning of a periodically poled LN crystal [14] , however, leading to a very low image acquisition rate due to a slow thermal tuning rate, as well as power instabilities due to the intra-cavity nature of that system.
The imaging setup is presented in the first section of the paper. In the following sections, the image acquisition and monochromatic image post-processing algorithm is demonstrated, first based on globar and then for QCL illumination. Finally, the spectral and spatial resolution is evaluated for the two cases and a comparison between their performances is made.
Setup and image acquisition
In this study, a MIR hyperspectral imaging system is demonstrated based on nonlinear frequency upconversion. An AgGaS 2 (AGS) crystal 5x5x10 mm 3 , cut at 48° (with respect to ĉ-axis) is used as the nonlinear medium for Sum Frequency Generation (SFG) of the MIR signal and the mixing field. First a globar and then a QCL is used as MIR illumination sources whereas a diode pumped Nd:YVO 4 continuous wave (CW) 1064 nm laser delivering up to 1.7 W of power in a fundamental Gaussian mode is used as the mixing field. A detailed description of the upconversion unit can be found in [20] , Junaid, et al. Non-collinear birefringent phase matching is exploited; by rotation of the nonlinear crystal the phase match condition is scanned enabling broad spectral coverage over the full field of view. The theory of non-collinear birefringent phase matching in AGS is explained in detail in [18] , T. Lichtenberg, et al. Fig. 1 . Single-pass upconversion system using globar/QCL as illumination sources and a 1064 nm laser as mixing field for sum frequency generation. Zinc Selenide (ZnSe 2 ) lenses are used for the MIR signal, where f 1 and f 2 can be applied for object magnification, f 3 ( = 50 mm) is used to focus the object light into the nonlinear crystal for non-collinear upconversion and provides with f 4 ( = 60 mm) a 4f-imaging system with the nonlinear conversion occurring in the Fourier plane. Filters (short pass 1000, long pass 900) and a mirror is used to eliminate the residual pump and stray light from the upconverted signal. An IDS Silicon camera is used for the image acquisition. A clear optical path USAF resolution target and/or polystyrene film (not shown) is used as an object. Figure 1 shows the imaging system including an illumination source and the upconversion detection system. A USAF resolution target is illuminated by the MIR light source which is then magnified using a pair of lens (f 1 and f 2 ) by the factor of f 2 / f 1 . The beam is then focused into the nonlinear crystal using lens f 3 for non-collinear phase matching with the 1064 nm mixing laser field with a beam diameter of ~1 mm (1/e 2 diameter of the Gaussian beam). f 4 forms together with f 3 a 4f-imaging system between the object plane and image plane, where an IDS 1.31 Mpixel CCD camera is used for upconverted image acquisition. A pair of filters and a mirror is used to block stray light and residual mixing signal.
Globar illumination
In this section the images acquired with the globar illumination i.e. a broadband source, is presented. A USAF resolution target (clear optical path, Edmund optics) is used as a test sample carrying well-defined spatial features to assess the spatial resolution of the imaging system. Furthermore, a polystyrene film (PS) is used, either alone or in combination with the resolution target to impose spectral features. The scaling optics is used to resolve smaller spatial features of the sample, however, at the expense of a reduced field of view. Figure 2 shows upconverted images acquired with the Si CCD camera for a crystal rotation of 3°, increasing crystal rotation means decreasing collinear angle relative to the crystal ĉ-axis. The radial wavelength dependence in the upconverted image is dictated by the noncollinear phase match condition of the upconversion process in the Fourier space [19] . A series of images is captured while rotating the nonlinear crystal where the spectral features of PS can be observed in the 6 to 8 µm range (Visualization 1). A second series of images is taken while rotating the crystal including both PS film and resolution target (Visualization 2). The number of spatially resolvable elements is estimated as the ratio of total area (field of view) over the smallest resolvable element, 2 2 (10.5 mm) (0.280 mm) π (in the object plane). Approx. 4400 is achieved in this study independent of the scaling optics. The signal to background ratio of the image acquisition can be estimated by the ratio of the camera integration time for the upconverted images relative to the integration time for equivalent intensity of the background i.e. 0.3s/2s. Here 0.3s is used for signal acquisition instead of 0.5s used in Fig. 2 , because the maximum integration time of the camera is 2s which was not sufficient for similar intensity of the background compared to signal intensity therefore integration time of 0.3s is used for signal.
In the following the post-processing of the acquired upconverted images in order to extract monochromatic images is explained. In this approach, the acquired images are simply convolved with a response function for the specific wavelength (and crystal orientation) and summed. To construct monochromatic images, the spatial information, at the wavelength of interest, is extracted from each upconverted image for all crystal rotation angles calculated from the phase match condition. This is obtained from pixel wise multiplication of the acquired upconverted images and a numerically calculated spectral image response function for the specific rotation angle of the nonlinear crystal at the wavelength of interest. These predominantly circular single-wavelength intensity distributions (corresponding to the different crystal rotation angles) are then summed to form monochromatic images with full field of view. An automated MatLab program is developed for the post-processing of series of upconverted images, captured as a function of the rotation angle of the nonlinear crystal.
The monochromatic image acquisition algorithm can be represented as
( )
Upconverted image intensity I , at crystal rotation angle
Numerical single-wavelength image response R , function at crystal rotation angle
Vol (4) I mono represents the monochromatic image at full field of view, when the crystal is rotated in n steps, from 0 to max θ degree. This procedure is repeated for the full spectral range of interest resulting in series of monochromatic images forming the hyperspectral image cube. To obtain high quality monochromatic images in terms of spatial and spectral information, the angular step size of the crystal rotation angle should be kept small enough to reduce the intensity variations within the reconstructed images. This is illustrated in Fig. 3 , however, normalization of the summed images can be done to allow for lower sampling of the crystal rotation angle. Figure 3 Figure 4 shows two monochromatic images acquired by post-processing of a series of upconverted images of a broadband illuminated USAF resolution target including the PS film as shown in Fig. 2(c) . The series of images is acquired while rotating the crystal from 0 to 20° in steps of 0.5°. Figures 4(a) and 4(b) show reconstructed monochromatic image of the target at 6.5 µm and 6.7 µm, respectively. Comparing the two images the absorption line of PS at 6.7 µm can be noticed from the decreased intensity contrast. A series of monochromatic images is computed in the 6 to 7 µm spectral range where the PS spectral absorption features are evident. This can be seen as intensity variations in the monochromatic images (Visualization 3). In Visualization 3, size scaling of the monochromatic images can be observed depending on the wavelength, dictated by the scaling factor related to the transverse phase matching equation [17] . The spectral bandwidth of the upconversion process is dependent on the center wavelength, and the incoming MIR angle, which is conserved in the post-processing step, hence, the spectral bandwidth in the monochromatic image increase slightly radially in the image. Thus, the spectral resolution deteriorates with increasing MIR angles as depicted in [18] , T. Lichtenberg, et al, Fig. 5 . Figure 5 shows the measured spectrum of PS film based on FTIR and upconversion. The spectrum measured with FTIR is recorded at 8 cm -1 spectral resolution. Two curves are plotted using upconversion, one based on the central pixel of the images (upc-center) and the other is taken when pixels on the edge of the field of view are considered (upc-edge). It is noted that the spectral resolution for upc-edge is worse than that of the upc-center as seen from Fig. 3(b) .
QCL illumination
In this section, upconversion based spectral images are presented using a narrow band tunable QCL as the illumination source.
The QCL used in this experiment is operated in an external cavity configuration with a tunable diffraction grating enabling selection of the desired wavelength. A Littrow configuration with back facet output-coupling is used to achieve higher average power, however scarifying some tunability. The working principle relies on electrical pumping of the QCL crystal. A portion of the amplified light is emitted through an antireflection (AR) coated ( 4 λ of 2 3 Y O ) intra-cavity facet onto a diffraction grating. The minus first diffraction order is used to select the desired wavelength and is retro-reflected into the QCL crystal for further amplification. Tunability of the laser is given by the gain spectrum of the active region, design and available materials [21] for the AR coating on the intra-cavity facet and the overall back coupling efficiency from the diffraction grating. The utilized tuning range covered here is from 5.9 to 6.19 µm with a measured linewidth below 4 nm. Average power at 6 µm is 4.5 mW, with a pulse repetition rate of 0.5 MHz and a pulse duration of 50 ns, leading to duty cycle of 2.5%. A USAF resolution target is illuminated by a QCL beam of ~1.2 mm diameter which is then magnified using a pair of lens (f 1 and f 2 ) by a factor of 18.75 (f 2 / f 1 = 75/4) (see Fig. 6 ). The beam is then focused into the nonlinear crystal using lens f 3 for mixing with the 1064 nm laser field. By employing both crystal angle tuning and QCL wavelength tuning, a series of monochromatic images i.e. a hyperspectral cube is achieved.
In case of QCL illumination, the monochromatic image acquisition algorithm is straight forward compared to that of the globar illumination. In present case no deconvolution is required, monochromatic images are obtained just by summing the images obtained while rotating the nonlinear crystal. This process is repeated for every QCL wavelength of interest. Figure 7(a) and 7(b) depict an upconverted image with a magnification factor of 18.75 (f 2 / f 1 ) without sample and with USAF resolution target as a sample, respectively. The crystal is rotated to 11.05° and the pump power is set to approx. 1.5 W. A Visualization 4 has been made which depicts the effect of rotating the nonlinear crystal with respect to the ĉ-axis when the QCL wavelength was fixed at 6 µm. The crystal was rotated from 9.7° to 12.6° to cover the full field of view. Figures 7(c)-7(e) show the smallest features of the USAF resolution target (14.25 lines/mm i.e. 35.08 µm smallest resolvable element) including spectral water absorption features. The three images are taken ON and OFF resonance of a water absorption line which can be seen from the intensity difference. The measurement is taken by simply utilizing the water content in the air with a path length of approx. 50 cm. The humidity in the laboratory was measured to be 32% at 22.6° C temperature. Visualization 5 demonstrates series of upconverted images while tuning the QCL from 6.19 µm to 6 µm at fixed crystal rotation angle, i.e. 9.752°.
Comparison
In this work, two different illumination sources are investigated using the same upconversion module and a comparison is made highlighting different aspects of the two approaches. The Globar, due to its low intensity, offers slow acquisition of images. Using the same upconversion module with a globar as an illumination source, the integration time of the camera was set to 500 ms whereas using a QCL leads to 50 times faster image acquisition per frame i.e. 10 ms. However the globar, being a broadband source has the advantage of faster acquisition of a whole set of data by a single sweep of crystal rotation angle, whereas, in case of a QCL the process has to be repeated for every wavelength.
The monochromatic image acquisition algorithm is more straight forward in case of narrowband illumination, compared to broadband sources where the deconvolution of every wavelength contribution is acquired based on the phase matching condition, before summing up the individual wavelength contributions to form a monochromatic image.
Using a narrowband illumination source for upconversion based hyperspectral imaging has the advantage of a constant spectral resolution of the image dictated by the linewidth of the source itself whereas in case of a broadband source, the spectral resolution is set by the acceptance bandwidth of the upconversion device which even varies radially within a single image.
The spatial resolution remains the same in case of both illumination sources. In case of coherent illumination sources, there will be a factor of 2 decrement in spatial resolution, which has been demonstrated already in [13] . Also spatial resolution of the system doesn't change with magnification, i.e. number of resolvable pixel elements remains the same regardless of the magnification.
Summary
This paper is, to the best of our knowledge, the first demonstration of mid-infrared hyperspectral imaging based on upconversion technology in 6 to 8 µm spectral range. In this work AgGaS 2 is used as the nonlinear medium. Two kinds of MIR illumination sources are used: a standard globar as a source of low-intensity broadband illumination and a QCL as a tunable source of high-intensity, narrow-band illumination. The illumination source is mixed with a 1064 nm solid state laser for upconversion based hyperspectral imaging. The system is compared for the two different illumination sources, assessed primarily by acquisition time and spectral resolution. A series of upconverted images is captured with a Silicon CCD camera while scanning the phase match condition, i.e. rotation of the nonlinear crystal, which leads to fast acquisition of images containing radially, distributed spectral information. No translation of the images was observed which shows that the upconversion is performed in the Fourier plane. A MatLab program is used for post-processing of the images to construct monochromatic images based on the scanning of the phase match condition.
A USAF resolution target is used as a sample and the smallest features of the target (14.25 lines/mm) have been resolved by applying magnification on the object (MIR) side. Water and polystyrene absorption lines have been used as spectral features in conjunction with the USAF resolution target. The imaging system can, in the implemented configuration resolve up to 4400 spatial elements within the field of view, which can be improved further by increasing the beam diameter of the mixing laser, however, at the expense of decreased intensity.
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